Abstract: Dissipation mechanisms of excess photon energy under high-temperature stress were studied in a subtropical forest tree seedling, Ficus concinna. Net CO 2 assimilation rate decreased to 16% of the control after 20 d high-temperature stress, and thus the absorption of photon energy exceeded the energy required for CO 2 assimilation. The efficiency of excitation energy capture by open photosystem II (PSII) reaction centres (F v ′/F m ′) at moderate irradiance, photochemical quenching (q P ), and the quantum yield of PSII electron transport (Φ PSII ) were significantly lower after high-temperature stress. Nevertheless, non-photochemical quenching (q NP ) and energy-dependent quenching (q E ) were significantly higher under such conditions. The post-irradiation transient of chlorophyll (Chl) fluorescence significantly increased after the turnoff of the actinic light (AL), and this increase was considerably higher in the 39 °C-grown seedlings than in the 30 °C-grown ones. The increased post-irradiation fluorescence points to enhanced cyclic electron transport around PSI under high growth temperature conditions, thus helping to dissipate excess photon energy non-radiatively.
INTRODUCTION
High temperature adversely affects plant growth and survival in a number of ways. Photosynthesis is one of the most heat-sensitive processes in plants. Inhibition of photosynthesis by high temperature has been studied in many plant species. Heat stress causes a decrease in the photochemical efficiency of photosystem II (PSII) (Berry and Björkman, 1980; Havaux et al., 1996) , the depression of the linear electron transport (Berry and Björkman, 1980; Wang et al., 2006) , and the decline of the Rubisco activity (Feller et al., 1998; Haldimann and Feller, 2004; Salvucci and Crafts-Brandner, 2004) . Gas exchange analysis indicates that the decrease in photosynthesis is associated with the heat-induced internal conductance attenuation and the coupled reduction in CO 2 concentration at the sites of carboxylation in spinach (Yamori et al., 2006) . However, it is now still a matter of debate how high temperature inhibits photosynthesis.
CO 2 assimilation is the major consumer of photon energy absorbed by the antenna pigments and any decrease in the rate of photosynthesis inevitably results in accumulation of excess photon energy under high temperature. Plants have evolved a large variety of mechanisms to protect their photosynthetic apparatus against damage resulting from high temperature. In general, plants prevent the increase of leaf temperature by transpiration (Isoda and Wang, 2002) . In addition, heat stress can induce the antioxidant enzymes to overcome the increased oxidative stress (Chaitanya et al., 2002; Guo et al., 2006) , or enhance the cyclic electron transport (Bukhov et al., 2000; Wang et al., 2006) . In spite of these findings, it remains unclear how heat-treated plants regulate the dissipation of excess photon energy when low CO 2 assimilation requires less chemical energy than that provided by the absorbed photons. So far, to our knowledge, little information is available concerning the effects of heat stress on the photosynthetic processes of woody plant leaves. In the present work, we investigated simultaneously chlorophyll (Chl) fluorescence induction to characterize PSII, fluorescence emission, and gas exchange in the total photosynthetic process upon heat stress to explore how heat-treated plants dissipate excess photon energy.
MATERIALS AND METHODS

Plants and growth conditions
Two-year old seedlings of Ficus concinna var. subsessilis were obtained from Zhejiang Subtropical Crop Institute in Wenzhou, China. The seedlings were transplanted to plastic tubes (20.5 cm tall, 18 cm in top diameter) filled with a mixture of 1:1 (v/v) coarse sand and soil and grown in a shaded greenhouse with natural sunlight during the day (maximum of 800 μmol/(m 2 ·s)). Daily maximum and minimum temperatures in the greenhouse were 28 and 20 °C, respectively. About four months later, randomly selected seedlings were placed into two identical growth chambers, one for heat treatment, the other for control. Both growth chambers had identical 14-h photoperiods with a photosynthetic flux density (PFD) of around 400 μmol/(m 2 ·s) at leaf height, at constant relative humidity of approximately 50%. One chamber was kept at 30 °C (day and night) throughout the experimental period as non-stressed control, and the other at 39 °C (day and night) to heat-treat the plants.
Plants were fertilized once a week with a half-strength Hoagland solution. In the high-temperature growth chamber, water was regularly supplied during the day to prevent drought stress.
Measurements of gas exchange and chlorophyll fluorescence
Measurements were made on the second fully expanded leaves from the top of four randomly selected seedlings on Day 20 after the treatment. The leaves were developed after the high-temperature treatment. Leaf gas exchange and Chl fluorescence were measured simultaneously using a portable apparatus (LiCor-6400, LiCor Inc., Lincoln Nebraska, USA) equipped with an integrated leaf chamber fluorometer (LI-6400-40, LiCor Inc., Lincoln Nebraska, USA) under ambient CO 2 concentrations, 21% O 2 and 50% relative humidity. Leaf chamber temperature maintained equilibrium to the ambient temperature, which was equivalent to the treatment 
were calculated from measured data (Maxwell and Johnson, 2000) . The fraction of open PSII reaction centres was estimated (Kramer et al., 2004) . The kinetics of q NP formation and relaxation were obtained by measuring the Chl fluorescence on the same leaves as described by Quick and Stitt (1989) . AL intensities varied between 0 and 2000 μmol/(m 2 ·s), and the light-saturated pulses were administered at an interval of 60 s. The energy-dependent quenching (q E ) was calculated according to Jin et al.(2008) . The post-irradiation transient increase in Chl fluorescence was recorded according to Lu et al.(2008) and Yang et al.(2007) with some modifications. After dark-adaptation of the sample for 30 min, F o and F m were determined as described above.
Subsequently, an AL of 300 μmol/(m 2 ·s) was turned on. After 3 min, the AL was turned off and fluorescence yield changes were continuously recorded.
Statistical methods
Statistical treatments of the data were performed by Student's t-test for comparison of means. For these analyses we used SPSS 10.0 software (SPSS, Chicago, IL, USA) and set the statistical significance level at P<0.05. All experiments were performed at least four times.
RESULTS AND DISCUSSION
To determine the influence of high temperature on steady-state photosynthesis, we measured the light responses of the net CO 2 assimilation rate (P n ) in the second fully expanded top leaves of the seedlings (Fig.1a) . P n of the 39 °C-plants was decreased significantly as compared with that of the 30 °C-control at PFDs above 200 μmol/(m 2 ·s). At 1000 μmol/(m 2 ·s) light intensity, P n of 39 °C-plants was reduced by about 16%, as compared with that of the 30 °C-control. Similarly, the stomatal conductance (G s ) was significantly reduced in 39 °C-plants, decreasing by 22% at the PFD of 1000 μmol/(m 2 ·s) (Fig.1b) . Both stomatal and non-stomatal limiting factors affect photosynthesis. In our case, the intercellular CO 2 concentrations (C i ) of the 39 °C-plants were about 26% higher than those of 30 °C-controls in spite of their lower P n and G s (Fig.1c) , which indicates that the reduction of P n of the 39 °C-plants was not due to stomatal factors but a low capacity of CO 2 -fixation cycle. This result is consistent with previous studies performed by Haldimann and Feller (2005) . The reduction of P n in high-temperature treated plants results in a lower requirement for excitation energy, and it may in turn inhibit further linear electron transport. The dependence of Chl fluorescence on light intensity was measured in vivo (Fig.2) . The quantum yield of PSII electron transport (Φ PSII ) at each PFD was lower in the 39 °C-plants than in the 30 °C-plants (Fig.2d) , which confirmed that linear electron passing through PSII was reduced. The treated plants did not show photoinhibition, since the dark-adapted maximum quantum yield of the primary photochemistry of PSII (F v /F m ) was maintained (data not shown). However, compared with the 30 °C-plants, the 39 °C-plants exhibited significantly lower efficiency of excitation energy capture by open PSII reaction centres (F v ′/F m ′) at moderate PFDs (Fig.2a) . The photochemical quenching (q P ) exhibited an approximately linear decrease with increasing light intensity (Fig.2b) . The rate of decrease was more rapid in the 39 °C-plants than in the 30 °C-plants. The change trend of the fraction of open PSII reaction centres (q L ) was similar to q P in both groups (Fig.2c) . The low values of q P and q L indicated more reduced primary quinone (Q A ) in PSII and less reduced plastoquinone (PQ) pool (Maxwell and Johnson, 2000; Kramer et al., 2004) . At high PFDs, the observed reduction in linear electron transport is due to the decrease of the number of open PSII reaction centres. At moderate PFDs, the decreased PSII efficiency is due to both the increased heat dissipation and more closed centres. High temperature led to an excess of excitation energy, since the CO 2 assimilation was decreased. If not dissipated safely, the excess energy causes damage to the photosynthetic apparatus (Demmig-Adams and Adams III, 1992). Non-radiative dissipation of excitation energy has been suggested to play a crucial role in the response of plants to various adverse environmental stresses (Demmig-Adams and Adams III, 1992) . In this study, the q NP in the 39 °C-plants was much higher than that in the 30 °C-plants, especially under moderate AL (Fig.3a) , indicating that the increase in q NP was the main pathway to dissipate the excessive energy. We assessed the contributions of the q E components to the total quenching effect using steady-state photosynthesis rates for a variety of AL intensities by dark relaxation kinetics. The change trend of q E was similar to that of q NP in both groups (Fig.3b) . Therefore, the increase in q NP is attributable to q E . The q E component is believed to be directly dependent on pH gradient across the thylakoid membrane (Shikanai et al., 2002; Štroch et al., 2004) . Formation of a pH gradient associated with the activation of the xanthophyll cycle (Thiele and Krause, 1994) may explain the increase of the q E component. Therefore, we further contemplated what process generates the pH gradient necessary for this q E increase, since the linear electron transport was decreased in the 39 °C-plants.
The post-irradiation transient increase of Chl fluorescence is thought to arise from the reduction of PQ by nicotinamide adenine dinucleotide phosphate (NADPH) or other electron donors accumulated in leaves under irradiation (Shikanai et al., 1998; Peltier and Cournac, 2002; Yang et al., 2007; Lu et al., 2008) . In higher plants and cyanobacteria, these processes involve mainly cyclic electron flow around PSI (Peltier and Cournac, 2002; Deng et al., 2003; Munné-Bosch et al., 2005; Lu et al., 2008) . Figs.4a and 4b illustrates the post-irradiation transient increase of Chl fluorescence in the control and treated plants. The transient increase of Chl fluorescence was more pronounced in the 39 °C-plants than in the 30 °C-plants (Fig.4a) . The transient rise was caused by the reduction of PQ, because it was quenched by far-red light (FR) (Figs.4a and 4b) . These findings may indicate that high temperature could downregulate linear electron transport and stimulate the PSI cyclic electron transport. Cyclic electron transport around PSI is solely driven by PSI and generates pH and consequently adenosine triphosphate (ATP) without net accumulation of NAD(P)H (Shikanai, 2007) . In higher plants, PSI cyclic electron transport consists of two partly redundant routes of electrons, the NAD(P)H dehydrogenase-dependent and antimycin A-sensitive pathways (Shikanai, 2007) . Cyclic electron flow around PSI may be responsible for enhanced proton pumping and is involved in energy dissipation when CO 2 availability is reduced (Burrows et al., 1998; Shikanai et al., 2002; Wang et al., 2006) .
CONCLUSION
It has been suggested that cyclic electron flow around PSI is required to supply sufficient proton motive force to initiate energy-dependent excitation quenching (q E ) (Yang et al., 2007; Jin et al., 2008) . Our results show that cyclic electron flow around PSI plays an important role in the production of pH gradient across the thylakoid membrane (ΔpH) that leads to the effective dissipation of excess excitation energy under high temperature conditions. Therefore, cyclic electron transport around PSI is an important photoprotective mechanism for adapting the photosynthetic apparatus to high temperature. 
